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ABSTRACT 


The  tempe|rat4re  in  the  combustion  chamber  of  a  rocket  m^tor  can 
be  sufficiently  high  to  maintain  a  relatively  largie  degree  of  thermal 
ionization  when  small  quantities  of  an  alkali  metal  are  added  to  the  flame 
gases.  This  paper  describes  a  series  of  measurements  of  ion  concentra¬ 
tions  obtained  under  various  conditions  in  a  rocket  motor  combustion 
chamber. 

In  certain  fast  flame  reactions  the  observed  ionization  is  several 
orders  of  magnitude  larger  than  that  predicted  by  equilibrium  considera¬ 
tions,  and  at  first  sight  it  might  be  expected  that  thej  conditions  in  a 
rocket  combustion  chamber  would  be  particularly  conducive  to  excess 
ionization.  Arguments  are  presented,  however,  which  demonstrate 
that  for  highly  ionized  flames  at  high  pressure  there  should  be  only 
slight  deviations  from  the  equilibrium  ionization.  These  arguments 
are  based  on  the  following  considerations: 

\  1.  Disturbances  in  the  high  energy  portion  of  the  Maxwell-Boltsmann 

distribution  should  have  a  decreasing  effect  on  ionization  as  the 
temperature  increases. 

2.  The  thermalization  times  for  electrons  and  ions  are  extremely 
small  under  typical  rocket  combustion  chamber  conditions  if 
the  equilibrium  ionization  is  increased  by  the  presence  of  alkali 
metals. 

In  the  experimental  study  a  small  (10  pounds  nominal  thrust)  rocket 
motor  was  used  with  the  following  propellant  combinations; 

1.  Hydrogen  (gaseous)  -  oxygen  (gaseous) 

2.  Methane  (gaseous)  -  oxygen  (gaseous) 

3.  Methanol  (liquid)  j  oxygen  (gaseous) 

The  stoichiometric  conr\bustion  of  these  propellants  produces  tempera 
tures^  of  about  3000°K  and,  with  alkali  metal  additives,  yields  positive  ion 
concentrations  in  excess  of  10^  Vcc. 


The  additives  were  introduced  into  the  chamber  as  aqueous  solutions 
of  the  alkali  metal  nitrates,  and  th'i^  flo^lf  rate  of  the  solution  was  con¬ 
trolled  to  maintain  the  alkali  metal  atom  concentration  at  one  per  cent 
(by  weight)  of  the  flame  gases. 

Ion  concentrations  in  the  chamber  were  obtained  by  the  Langmuir 
probe  technique.  A  water-cooled  probe  has  been  developed  which  performs 
quite  reliably  under  combustion  chamber  conditions.  A  simple  correction, 
based  on  the  ionic  mean  free  path,  is  applied  to  reduce  the  effects  of 
pressure  on  the  accuracy  of  the  probe  data. 

Data  are  presented  on  the  variation  of  ion  concentration  with  pressure 
and  the  oxidizer  to  fuel  ratio.  The  measured  ion  concentrations  in  the 
"seeded"  flames  are  less  than  or  equal  to  the  values  calculated  by  the 
Sah|i  equation  for  the  equilibrium  ionization,  and  there  is  at  least  order 
of  magnitude  agreement. 

«; 

The  slopes  of  the  individual  curves  suggest  that  the  free  alkali  metal 
atom  concentration  is  influenced  to  a  significant  degree  by  some  chemical 
equilibria.  This  interpretation  is  supported  hy\t^«  work  of  Sugden,  who 
has  demonstrated  that  the  alkali  metal  hydroxides  are  comparatively 
stable  in  high  temperature  flames.  If  it  is  assumed  that  the  alkali  metal 
hydroxide  formation  was  significant  in  our  experiments,  then  the  curves, 
except  for  that  of  rubidium  ionization,  at  least  qualitatively  behave  as 
predicted. 

It  seems  reasonable  to  expect  that  if  accurate  thermo-chemical  data 
were  available,  the  correlation  between  the  experimental  and  calc\ilated 
values  of  ionization  would  be  improved  by  including  such  equilibria  in  the 
calculations . 
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INTRODUCTION 


The  electrical  properties  of  flames  have  been  the  subject  of  re¬ 
peated  investigations.  Although  many  experimental  facts  have  been 
uncovered,  large  areas  of  uncertainty  exist.  It  is  known,  for  example, 
that  the  reaction  zone  of  organic  fuel-air  mixture  is  the  seat  of  very 
high  ionization  Jl .  2,  3);  however,  the  causes  of  this  chemi -ionization 
ar£'  little  known.  The  burnt  gases  of  fuel-air  mixtures  above  the  re¬ 
action  zone  generally  show  a  level  of  ionization  in  agreement  with 
theoretical  expectations  as  derived  from  the  Saha  equation  if  materials 
of  known  and  rather  low  ionizaMon  potential  are  introduced  into  the 
^^fl^me  (4).  The  bqrnt  gases  of  flames  containing  no  "seeded"  materials 
sl^buld  have  an  exceedingly  low  degree  of  ionization  as’the  ionization 
potential  of  all  product  gases  such  as  CO,  CO2  and  H2O  have  ionization 
potentials  above  12  e  volt  with  the  sole  exception  of  NO  whose  value  is 
9.  23.  However,  even  this  latte^^  value  cannot  explain  the  ionization  in 
Bunsen  flames  which  is  usually  dbout  10^  ions/cc. 

Further  uncer^inty  exists,  especially  in  the  explanation  of  the 
effects  caused  by  the  interaction  of  electrical  and  magnetic  fields  with 
flames.  "Seeded"  rocket  flames  are  carriers  of  a  high  degree  of 
ionization  because  of  the  high  temperature  in  the  chamber.  The  inter¬ 
action  of  electromagnetic  fields  with  the  fast  moving  rocket  gases  is 
an  interesting  and  potentially  useful  field  of  investigation.  This  paper 
reports  on  a  first  series  of  experiments  conducted  to  thro^  light  on 
this  question.  Measurement  of  the  ionization  in  rocket  chambers  is 
described  using  liangmuir  probes.  Theoretical  considerations  are 
presented  that  are  relevant  to  the  use  of  these  probes  at  high  pressure. 


THE  EXPERIMENTAL.  SETUP 


The  primary  emphasis  ip  this  program  was  on  the  determination  of 
the  maximum  ion  concentrations  available  in  rocket  combustion  chambers. 
The  measurements  were  obtained  in  the  chamber  of  a  motor,  which  em¬ 
ploys  a  conventional  injectioil!  system  that  is  believed  to  be  representative 
of  rocket  combustion.  The  details  of  motor  and  injector  can  be  seen  in 
figure  1. 


The  measurement  of  probe  current  as  a  function  of  probe  potential 
is  obtained  automatically  by  using  a  low  frequency  signal  generator  to 
apply  the  probe  potential  and  an  X-Y  recorder  to  plot  the  current  versus 
potential.  The  signal  generator  provides  a  triangular  wave  form  at 
0-30  volts.  The  frequency  may  be  varied  between  0.  008  and  1100  cps. 
The  horizontal  axis  of  the  X-Y  plotter  is  driven  by  the  signal  generator. 
The  vertical  axis  has  a  maximum  sensitivity  of  0.  3  millivolt  per  inch 
and  is  used  to  record  probe  current  as  a  function  of  the  potential  with 
respect  to  the  chamber  wall. 
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The  Langmuir  probe  used  in  this  program  was  slowly  developed  by 
trial  and  error  until  a  configuration  was  obtained  which  was  reliable  in 
combustion  chamber  measurements,.  The  water-cooled  "hairpin"  probe 
(figure  2)  was  the  most  reliable  type.  For  high  pressure  measurements, 
however,  it  was  necessary  to  substitute  boron  nitride  for  the  ceramic 
insulator  to  avoid  electrical  breakdown.  ( 
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LEGEND 

1  6*.  040  inch  O.  D.  tube  of  hard  stainless  steel 

2  Powder  graphite  lube 

3  Asbestos  graphite  packing 

4  Water  coolant  outlet 

5  Water  coolant  inlet 

6  Hyp^ermic  needle  adapter 

7  Packing  nut 

8  Aluminum  oxide  ceramic  tube 
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PROBE  THEORY 


The  basic  theory  of  the  Langmuir  probe  is  readily  avai^ble  in  the 
literature  (5,  6,  7,  8)  and  is  consequently  only  outlined  briefly  in  the 
following  discussion.  When  a  probe  is  immersed  in  an  ionized  gas  at  a 
sufficiently  negative  potential  with  respect  to  the  gas,  all  of  the  electrons 
are  repelled  by  the  probe,  and  the  current  to  the  probe  is  simply  due  to 
the  random  positive  ion  current  density  in  the  gas.  By  assuming  a 
Maxwellian  velocity  distribution  for  the  ions,  the  current  reaching  a 
probe  of  area  A  is  then 
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Solving  for  the  positive  ion  concentration 

Thus,  if  the  mass  of  the  ion  is  known,  a  simple  measurement  of  the 
current  to  the  probe  and  the  gas  temperature  will  yield  the  positive  ion 
concentration  in  the  gas.  In  practice,  of  course,  the  current  to  theprobe 
is  plotted  as  a  continuous  function  of  the  probe  potential.  The  value  of 
the  current,  J,  used  above  is  taken  as  the  positive  ion  saturation  current. 

This  rather  simple  technique  is  quite  accurate  for  the  purposes  for 
which  it  was  designed- 'ion  concentration  measurements  at  low  pressures. 
In  the  analysis  for  the  probe  current,  it  is  implicitly  assumed  that  the 
probe  creates  a  negligible  disturbance  in  the  gas  which  is  being  studied. 

It  has  been  shown  (8)  that  this  assiunption  is  valid  only  under  the  follow¬ 
ing  conditions: 

1.  The  radius  of  the  probe  must  be  much  smaller  than  the  ionic 
mean  free  path. 

.2.  The  collision  parameter  as  a  function  of  the  probe  potential 
must  notl'differ  appreciably  from  the  probe  radihs.  The  col¬ 
lision  p^jrameter  is  defined  as  the  maximuir^  distance  from  the 
center  <»  the  probe  for  which  ions  will  be  collected. 

The  first  condition  can  never  be  satisfied  in  rocket  combustion 
chambers  where  the  ionic  mean  free  path  is  typically  less  than  10~° 
meter.  An  analysis  by  Bohm,  Burhop  and  Massey' (8)  does,  however, 
yield  appropriate  correction  factors  for  this  situation  and  also  for  the 
case  of  large  collision  parameters.  The  mean  free  path  correction 
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is  the  current  in  amperes 

is  the  positive  io^  concentration  per  m^ 

is  the  arithmetic  mean  velocity  of  the  ions  in  m/sec 

is  the  area  of  the  immersed 'probe  in  in^ 

is  the  electronic  charge  (in  coulombs)  of  the  ion 

is  the  Boltzmann  constant 

is  the  absolute  temperature  of  the  gas  °K 

is  the  mass  of  the  positive  ion  in  kgm. 
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factor  is  approximately  t/\  where  r  is  the  probe  radius  and  X  is  the 
ionic  mean  free  path.  All  data  on  ion  concentrations  in  this  report  have 
been  modified  by  the  factor  r/X. 


THERMAL  IONIZATION 


The  relationship  developed  by  Saha  yields  quantitative  values  of  ion 
concentrations  in  a  gas  in^hermal  equilibrium  if  the  ionization  potentials 
and  temperature  are  known. 


+  5/2  log  T  -  6.  49  +  IpgJEiJl* 
^  8o 


where  x  is  the  degree  of  ionization 

P  is  the  sum  of  the  partial  pressures  , 

_  _  i.  e.  ,  P  ,r  Pa  +  Pe  +  Pa+  in  atmospheres. 

|_A  j  is  the  mole  fraction  of  the  positive  aon 
[A]]  is  the  mole  fraction  of  the  neutral  atom  (for  example'^^ 

potassium) 

[e3  is  the  mole  fraction  electrons 
Vi  is  the  ionization  potential  of  the  atom  ih  e  volts 
T  is  the  absolute  temperatur^^  in 
8ii  8e>  8o  statistical  weights  of  the  positive 

ion,  the  electron  and  neutral  atom  respectively. 


The  exponential  dependence  of  ionization  upon  the  ionization  potential 
of  the  atom  in  this  equation  explains  the  fact  that  even  small  amounts  of 
alkali  metal  impurities  in  the  flame  gases  will  have  a  very  strong  effect 
in  increasing  the  equilibrium  ionization;  the  for  the  alkali  metals  are 
all  less  than  6  e  volts,  and  the  ionization  potentials  of  typical  equilibrium 
flame  species  are,  on  the  other  hand,  rather  high  (12-16  e  volts). 


Although  the  equilibria  of  each  ionizable  species  in  the  flame  gases 
should  be  considered  in  computing  the  total  ionization,  it  is  evident  that 
for  cases  when  an  alkali  metal  is  present  the  contributions  from  other 
species  are  negligible.  Any  additional  equilibria  which  control  the  free 
metal  atom  concentration  in  the  flame  must,  however,  be  considered 
for  evaluation  of  electron  or  ion  concentrations.  The  work  of  Sugden 


and  Smith  (9)  and  Sugden  (10)  has  shown,  for  example,  that  LiiOH  and 
CsOH  are  comparatively  stable  in  certain  hames,  and  uieir  formation 
greatly  reduces  the  concentrations  of  JLi  and  Cs  atoms  available  for 
ionisation. 

Saha's  equation  predicts  ionization  in  a  rocket  chamber  only  if 
therlmal  equilibrium  is  installed.  As  rocket  chambers  are  designed  to 
contain  very  rapid  chemical  reactions,  this  question  needs  further 
investigation.  It  is  known  that  ionization  in  the  reaction  zone  of  a 
premised  flame  is  many  orders  of  magnitudes  larger  than  theoretically 
expected.  This  effect  is  very  similar  to  the  excess  electronic  excita¬ 
tion  observed  in  the  reaction  zones  of  flames  (2)  and  this  relationship 
is  not  unexpected  as  ionization  is  basically  an  electronic  excitation. 

The  I  following  facts  are  known  about  the  excess  electronic  excitation: 

The  higher  the  pressure  the  less  observable  is  this  disturbance  of  the 
Maxwell-Boltzmann  distribution.  Also  this  distrubance  is  only  present 
in  premixed  flames  but  not  in  diffusion  flames.  As  all  rocket  flames 
are  basically  diffusion  flames  (except  for  monopropellants),  one  would 
expect  that  the  ionization  is  not  far  from  thermal.  If  local  excess 
ionization  does  occur,  then  the  rate  of  recombination  has  to  be  con¬ 
sidered. 

Although  no  data  are  available  on  recombination  rates  for  conditions 
appropriate  tp  flames  in  a  rocket  combustion  chamber  (high  pressure 
and  high  temperature),  a  rough  estimate  for  the  ion  recpmbinatioh 
relaxation  time  may  be  obtained  by  employing  data  from  eleciric  arcs 
which  have  similar  temperatures.  These  data  show  typical  recombina¬ 
tion  coefficients  of  <K  s  10*^^  cmV*«c  (2).  Sincejjthe  relaxation  time 
constant  is  approximately  e^  n«,  where  ne  ie  the  electron  concentration 
per  cm^,  the  relaxation  time  in  a  "seeded"  flame  for  which  ne  »  10^^ 
per  cm^  will  be  less  than  10'^< second. 

This  relaxation  time  seems  small  enough  to  prevent  any  large 
deviations  from  ionization  equilibrium  in  the  clu^nber.  In  the  exhaust, 
however,  the  gas  temperature  drops  very  quickly  due  to  the  rapid  expan¬ 
sion  process,  and  the  ionization  could  possible  remain  above  the  equi¬ 
librium  value  for  some  distance  downstream  of  the  throat. 
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The  arguments  above  are.  unfortunately,  valid  only  when  the  re¬ 
combination  process  is  that  of  direct  recombination  of  ions  with  electrons. 
The  probability  of  direct  recombination  decreased  as  the  electron  concen¬ 
tration  decreases  (2),  aiid  the  process  becomes  primarily  dependent  upon 
three  body  collisions.  The  electrons  first  bepome  attached  to  neutral 
molecules,  and  these  negative  molecular  ions  recombine  readily  with  the 
positive  ions.  The  recombination  coefficient  is  consequently  increased  by 
several  orders  of  magnitude.  For  example,  in  methane-air  flames  at  66 
mm  Hg  =  2,^5  x  10“'  cm^/sec  (11). 

In  rocket  flames  which  are  not  seeded  with  alkali  metals, the  equi¬ 
librium  electron  concentrations  are  rather  low  and  the  recombination  relaxation 
time  is  probably  greater  than  10~^  second.  Thus,  if  excess  ionization  is 
produced  in  the  reaction,  the  ionization  should  be  greater  than  the  equi¬ 
librium  value  throughout  the  entire  flame.  Experimental  work  on  such 
questions  would  be  quite<  valuable ,  but  the  abnormal  effects  of  minute 
traces  of  easily  ionizable  impurities  makes  experimental  data  on  ionization 
values  in  "pure"  rocket  flames  quite\^ questionable.  For  example  in  a 
rocket  flame  at  BOOO^K  at  1  atmosphere  where  the  equilibrium  ionization 
is  10^  ions/cc  the  introduction  of  1  part  in  10”  of  potassium  would 
increase  the  ionization  to  about  10^^  ions/cc. 

EXPERIMENTAL.  RESULTS  AND  DISCUSSION 

The  most  significant  data  on  ion  concentrations  are  summarized  in 
figures  3  through  6.  All  of  these  data  were^|>btained  in  the  chamber  of 
the  rocket  motor  described  previously.  ' 

The  curves  in  figure  3  present  the  experimental  and  calculated  values 
of  ion  concentration  as  a  function  of  chamber  pressure  for  stoichiometric 
combustion  of  gaseous  CH4  and  gaseous  02-  The  additive  was  a  solution 
of  CSNO3  which  resulted  in  a  cesium  concentration  o^l  per  cent  by  ' 
weight  in  the  flame  gases. 

The  Saha  equation  may  be  modified  to  the  following  form  by  assuming 
that  the  electron  concentration  and  positive  ion  concentration  are  approxi- 
nuitely  equal: 

2  log  nj  =  -  +  1 .  5  log  T  +  1 5.  38  +  log  log  n^ 

T  -  .. 

n^andn^are  theionand  neutral  atom  concentration  per  cm^. 
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This  equation  reveals  that  the  ion  concentration  is  dependent  only 
on  the  temperature  and  neutral  cesium  atom  concentration. 

If  it  is  assumed  that  the  neutral  eeslxun  atom  concentration  is  not 
influenced  by  chemical  equilibria,  then  the  cesium  atom  concentration 
will  be  directly  proportional  to  the  pressure  and  inversely  proportional 
to  the  temperature  (except  for  the  small  percentage  of  atoms  which  are 
ionized) . 

The  variation  of  flamq  temperature  with  pressure  is  as  follows: 

1.  As  pressure  increases  above  one  atmosphere,  the  flame 
temperature  rapidly  increases. 


2.  At  higher  pressures  the  rate  of  increase  of  flame  tempera¬ 
ture  with  pressure  decreases. 


COMBUSTION  CHAMBER  PRESSURE 
(ATM.) 


■  The  calculated  values  for  ion 
concentrations  in  this  report  have 
been  obtained  by  calculating  the 
flame  temperature  (assuming  that 
the  additive  has  negligible  effect^pn 
the  enthalpy).  The  neutral  atom 
concentration  is  then  calculated  at 
the  pr>esisure  and  temperature  from 
the  original  concentration  in  the 
gas  mixture.  The  Saha  equation  is 
then  employed  to  obtain  this  ion 
concentration.  The  discussion  which 
follows  shows  that  the  discrepancy 
between  the  experimental  and  calcu¬ 
lated  values  in  figure  3  can  be  at 
least  partial!^/  attributed  to  the  in¬ 
validity  of  the  assumption  that  the 
cesium  atom  concentration  is  unin¬ 
fluenced  by  chemical  equilibria. 


rigura  3.  PmUIv*  lea  coacaotrstloa  par  e«Mc 

caotlmator  varaea  eluintar  praa»ia  ter  ateleue.  Xh*  curveS  in  figures  4  and  5 

DMtrK.mBthAM-oxyfBa  IUin««  Om  ptr  c«al  aA*.  .  '  ,  ’ 

ditiva  (bp  waight)  of  eaaium  lotredocad  aa  cai«03.  show  the  Variation  af  ion  concentra- 

'<  tion  with  Q/F  ratio  for  a  CH^  -  O2 
flame  at  a  chamber  pressure  of  one  atnio'sphere  and  an  H2  -  Og  Hame 
at  a  chamber  pressure  of  one  atmosphere.  In  each  case  the  fuel  and 
oxif^zer  were  introduced  in  the  gaseous  state  and  the  additives  pro¬ 
duced  alkali  metal  conc'bntratiqns  of  on^  per  cent  by  weight  in  the  flame. 
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In  figure  5  the  dashed  line  represents  t^e  calculated  values  for  the  potas* 
slum  ion  concentration.  Stoichiometric  ratio' is  at  an  O/F  ratio  Of  7.  95 
for  the  H2-O2  flame  and  4.  0  for  CH4-O2.  Table  1  gives  the  relation 
between  O/F  ratio  and  flame  temperature  at  1  atmosphere  for  H2-02 
flames. 
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CHe-Og 


OXDIZER  /  FUEL  (BY  VI«I<3HT)  OXWZER/FUEL  (BY  WEIGHT) 

Fiiur*  5.  Poaltiva  ion  cencantntion  par  cubic 

Tifura  4.  PdaiiWa  len  eoncartration  par  cubic  cantimaUr  varaua  O/P  ratio  (by  wai|bt)  f^r 

eantiraatar  varaua  O/r  ratio  (by  waisht)  lor  byirogan-naygan  flama  at  ona  atmoaphara.  Ona 

matbaiia-Oiqrsa,^  aama  at  OM  ateoaphara.  Ona  par  cant  additiva  (by  waigkt).  Lowar  curva 

par  cant  additiva  (by  waight).  Lowar  curva  iaolnatioo  without' aaadiag.  NoU  two 

ahowa  iooiaation  without  loading.  10>3. 

The  experimental  values  exhibit  order  of  magnitude  agreement  with 
simple  calculations  based  upon  the  Saha  equation,  and  the  curves  are  in 
the  relative  order  which  is  predicted  by  the  ionization  potential^  of  the 
respective  atoms  (table  2).  The  slopes  of  the  ind|jridual  curves,  however, 
are  in  substantial  disagreement  with  those  calculated  with  the  assumption 
that  the  alkali  metal  atoms  are  not  involved  in  any  chemical  equilibria 
at  these  flame  temperatures. 


TABLE  1 

RELATIONSHIP  BETWEEN  O/T  RATIO  AND 
TEMPERATURE  OF  Hg-Og  FLAME 


O/F  Ratio 


4 

5.0 

6.0 

7.0 

8.0 


Tampa  ratura 

M70"E 

2779®K 

29IO<^ 

3030^ 

3076"K 

3083Ok 


TABLE  2 

IONIZATION  POTENTIALS 


Atom 

Potaatlal 

Ca 

1 . 87  a  volt 

Ra  ■' 

4. 15  a  volt 

K 

4.  32  a  volt 

5.12avoU 

LI 

9.  36  a  volt 
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In  all  cases,  if  the  curves  are  plotted  as  ion  concentration  versus 
fla^e  temperature,  the  e:q>erimental  slopes  (d  n^dT)  are  less  thaw 
those  calculated  from  the  derivative  of  the  Saha  equation  at  tempera¬ 
tures  below  3000^k.  A  possible  explanation  foip  this  behavior  is  based 
on  the  work  of  Sugden  and  Wheeler  (10)  (12)  wh(^  studied  the  formation 
of  alkali  metal  hydroxides  in  high  temperature  flames.  The^formation 
of  the  hydroxide  will,  of  course,  reduce  the  concentration  of  free  atoms 
available  for  ionization. 

If  the  derivative  of  the  logarithm  of  the  ion  concentration  with  /;  ' 

respect  to  temperature  is  obtained  from  the  Ssdia  equation,  then  ^ 


1°810  ^i  2520  Vi  0.  75  logjn  e  0.  5  login  e  d  no 
- + - - - +  - - 


dT 


^2 


n. 


dT 


Simple  calculations  reveal  that  even  at  3000*^  the  last  term  on  the 
right  hand  side  will  have  only  a  minor  effect  if  the.  neutral  atom  concen¬ 
tration  is  reduced  only  by  the  production  of  ions.  If  however,  the  free 
atom  concentration  is  controlled  by  chemical  equilibria,  e.  g.  hydroxide 
format|on,  this  term  would  become  significant  and  reduce  the  slope  of 
the  ionization  curve  below  that  predicted  on  the  assumption  that  n^  is 
reduced  only  by  ion  formation.  Hydroxide  formation  is,  of  course, 
more  likely  for  higher  O/F  ratios  than  oil'' the  fuel  rich  side. 


Sugden  (lO)  has  obtained  tli'e  following  estimates  for  the  gas  phase 


heats  of  formation  for  alkali  metal  hydroxides: 

LiCM 

102  kcal/n^ple 

'  CsQif; 

91  kcal/mole 

KOH 

86  kcal/ mole 

(1 

NaOH 

81  kcal/mole 

If  a  value  of  88  kcal/mole  for  the  heat<of  fomnation  of  RbOH,  estimated 

from  the  values  above,  is  added,  then  the  slope!  of  the  curve!' should  be  .. 
less  than  the  predicted  slopes  in  the  following  order  of  significance:  Li'*', 
Cs'*',  Rb'*’,  K'*'  and  Na'*'.  The  data  exhibit  this  trend  at  temperatures  below 
about  2800°K  if  they  are  compared  individually  with  the  theoretical  sieves. 
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At  higher  temperatures  the  slopes  of  the  Na+,  K"*"  and  Cs'*'  curves 
approach  the  predicted  valu'fes.  The  slopes  of  the  Rb+  and  Li+  curves, 

however,  become  negative  at  temperatures  above  3000°K. 

»'  n  V 

In  figure  6  the  ion  concentra¬ 
tion  is  plotted  as  a  function  of 
O/F  for  a  CH3OH-O2  flame  at 
one  atmosphere  chamber  pres¬ 
sure.  In  these  measurements 
the  CH3OH  was  injected  as  a 
liquid  through  a  conventional 
"shower  head"  injector;  the 
oxidizer  was  gaseous  O2.  For 
this  system  the  alkali  metal 
ion  concentrations  are  again  in 
order  of  magnitude  agreement 
with  values  predicted  by  the 
Saha,  equation,  but  the  indi¬ 
vidual  curves  show  evidence 
of  variations  in  the  neutral 
atom  concentration  which 
could  probably  be  explained 
by  additional  chemical  equi¬ 
libria  if  the  pertinent  thermo-chemical  data  were  available.  The 
rather  anomalous  behavior  of  the  rubidium  ionization  curve  is  ^s 
prominent  in  this  system  as  in  the  other  systems.  " 

CONCLUSIONS 

It  has  been  demonstrated  that  the  measured  ion  concentrations  in 
a  "seeded"  rocket  combustion  chamber  may  be  predicted  within  an 
order  of  nnaghitude  by  a  simple  application  of  the  Saha  equation.  In 
all  cases  the  ion  concentrations  measured  by  the  Langmuir  probe  are 
less  than  or  equal  to  calculated  values.  No  evidence  of  chemi-ioniza- 
tion  was  found  in  "seeded"  flames,  although  it  may  be  present  in  "pure" 
flames.  In  this  latter  case  however  our  data  are  not  conclusive  because 
of  the  possible  presence  of  minute  quantities  of  impurities.  The  data 
suggest  that  the  correlation  will  be  improved^  if  the  chemical  equilibria 
which  control  the  alkali  metal  atom  concentration  are  included  in  the 
calculations.  At  the  present  time,"  however,  the  necessary  thermo¬ 
chemical  data  are  not  known  to  a  sufficient  degree  of  Accuracy  to 


OXnZER/FUEL  (BY  WEIGHT)  ^  , 


Figwrw  A.  FpbUIvb  iom  c«ae4'.aratioa  |Mr  cubic 
CMtlAMUr  vcrauB  O/T  ralio  (by  weight)  fbr.:' 
■MthAMl^flKyges  fUoM  ftt  OM  atmoupberc.  One 
per  ceal  aMitive  (by  waigbt). 


'U-; 


VC 


justify  more  tedious  calculations.  Furthermore,  even  an  order  of 
magnitude  estimate  of  the  degree  of  ionization  in  a  rocket  flamie  is 
sufficient  to  evaluate  the  basic  feasibility  of  certain  magnetohydro- 
kynamic  applications  which  have  "^een  proposed  j^pi  chemical  rockets 
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OTHER  DATA  ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  COMNiGI  'dON 


OTHER  DATA  ARE  USED  FOR  ANY  PURPOSE  OTHER  THAN  IN  COMH.^Cl  'ilON 
WITH  A  DEFINITELY  RELATED  GOVERNMENT  PROCUREMENT  0PB]||4TI0N, 
THE  U.  8.  GOVERNMENT  THEREBY  INCURS  NO  RESPONSDILITY,  Vak  AKfV 
OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE  GOVERNMAVti  MAY 
HAVE  FORMULATED;  FURNISHED,  OR  IN  ANYWAY  SUPPLIED  THE 
DRAWINGS,  SPBCinCATIONS,  OR  OTHER  DATA  IS  NOT  TO  BE  REGAftPED 
IMPLICATION  OR  OTHERWISE  AS  IN  ANY  MANNER  UCBNSINO  THE  Ri  JLDEP 
OR  ANY  OTHER  PERSON  OR  CORPORATION,  OR  CONVEYINO  ANY  RRilffS  OR 
PERMWON  TO  MANUFACTURE,  USE  OR  SELL  ANY  PATENTED  INVllV^^ClON 
THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO.  ' 


